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Abstract 
Effects of reactor pressure [vacuum (0.0001, 0.01 atm), atmospheric (1 atm) and pressurized (10, 100 atm) regions] 
on primary tar production rate, primary tar intra-particle secondary reactions, and tar and gas release rates during  
pyrolysis in thermally thin regime at a heating rate of 30 K/s and final reactor temperature of 973 K have been 
numerically investigated. Wood cylinder (𝜌 = 400 𝑘𝑔 𝑚3⁄ , ∅ 1 𝑚𝑚 and length 1 𝑚𝑚) was modeled as a two –
dimensional porous solid. Transport equations, chemical kinetic models, pressure and energy conservation equations 
were coupled and used to simulate the pyrolysis process. Solid mass conservation equations were solved by first-
order Euler Implicit Method. Finite volume method was used to discretize the mass conservation equation for argon, 
primary tar, gas and secondary tar, energy conservation equation and pressure equation. Findings showed that 
pressure increase, either from vacuum to atmospheric or from atmospheric to pressurized region, has no significant 
effect on the primary decomposition reactions of the sample. Pressure increase within vacuum region (0.0001 to 
0.01 atm) and within pressurized region (10 to 100 atm) has no significant effect on primary tar intra-particle 
secondary reactions, and tar and gas release rates. However, pressure increase from vacuum to atmospheric and from 
atmospheric to pressurized region increased primary tar residence time within the pyrolyzing solid thereby 
enhancing intra-particle secondary reactions.  
Keywords: Biomass, pyrolysis, pressure effect, intra-particle secondary reactions, thermally thin regime 
1. Introduction 
Sustainable energy supply for global development and the need to reduce or alleviate emissions of greenhouse gases 
have increased interest in seeking alternatives to fossil fuel. Biomass pyrolysis and gasification have been receiving 
attention for some decades as viable alternative means of energy generation. Temperature, pressure, heating rate and 
reaction time can influence or determine the proportion and characteristics of the main products of these processes, 
being thermochemical. Many researchers have investigated the effects of temperature, heating rate and reaction time 
on biomass pyrolysis [1-10, 14]. Effects of particle shape and size on pyrolysis have also being investigated [11 – 
13]. Others have studied the impact of shrinkage, intra-particle heat and mass transfer [15-17]. Aside from the 
primary decomposition of solid fuels, research works have shown that there are both intra- and extra-particle 
secondary reactions [18-20]. Effects of biomass size and aspect ratio on intra-particle tar decomposition during 
pyrolysis have been investigated [21]. Effects of biomass thermo-physical properties on tar intra-particle secondary 
reactions have also been studied [22]. Findings on the effects of pressure on both primary and secondary reactions 
during pyrolysis are really scarce. Hajaligol et al. [23] had an experimental and modeling study of the effects of 
pressure on tar release by rapid pyrolysis of cellulose sheets in a screen heater. They concluded that at 1000 
o
C/s 
heating rate, tar secondary reactions are significant within the fuel piece at pressures near and above 1 atm, and 
temperatures greater than or equal to the range 650-750 
o
C, and external to the fuel piece, including on the heater 
screen, at 0.0001 atm and greater than or equal to 800 
o
C. They further observed  that pressures other than 
atmospheric can occur in scientifically and practically important situations where cellulosic solids undergo rapid 
pyrolysis, for example, combustion or gasification of wood and other biomass, burning of solid propellants, 
detonation of solid explosives, and thermal degradation of materials. Despite this, very few works have been 
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reported in this aspect. As a result, this study was aimed at numerically investigating the effects of reactor pressure 
on biomass pyrolysis in thermally thin regime with emphasis on primary tar production and intra-particle secondary 
reactions. 
2. Pyrolysis Mechanism 
Several mechanisms have been used to explain various phenomena taking place during biomass pyrolysis [23]. 
Figure 1 shows the structure of the mechanism used in this study. Detailed explanation on the development of this 
mechanism has been reported in our earlier research works [21,24].  As shown in Figure 1, wood first decomposes 
by three endothermic competing primary reactions to form gas, primary tar and intermediate solid. The primary tar 
undergoes secondary reactions to yield secondary tar, more gas and char. The intermediate solid also undergoes 
secondary reaction to yield only char. Reaction rates were assumed to follow Arrhenius expression of the form: 
𝑘𝑖 =  𝐴𝑖exp (
−𝐸𝑖
𝑅𝑇⁄ ). The chemical kinetic (A and E ) and thermodynamic (a and b) parameters are as given in 
one of our previous works [24]. 
 
 
 
 
 
 
 
 
                                        Figure 1: Schematic illustration of the pyrolysis mechanism 
3. Numerical Simulation 
Because the governing equations, model assumptions and numerical procedures in this study are the same as in the 
previous studies [21, 22, 24], a brief account is given here. 
3.1 Solid mass conservation equation 
The instantaneous mass balance of the pyrolyzing solid comprises three endothermic consumption terms yielding 
gas, tar and intermediate solid: 
𝜕𝜌𝑠
𝜕𝑡
=  −(𝑘𝑔 +  𝑘𝑡 +  𝑘𝑖𝑠)𝜌𝑠                                                                                                                                        (1) 
The intermediate solid instantaneous mass balance equation (equation (2)) contains two terms, one for the 
conversion of the virgin solid to intermediate solid and the other from exothermic decomposition of intermediate 
solid to yield char, given as 
𝜕𝜌𝑖𝑠
𝜕𝑡
=   𝑘𝑖𝑠𝜌𝑠 − 𝑘𝑐𝜌𝑖𝑠                                                                                                                                                   (2) 
In the same vein, the char instantaneous mass balance equation (equation (3)) contains two terms, one from the 
exothermic decomposition of intermediate solid and the other from primary tar secondary reaction to yield char, 
given as  
Biomass Primary tar (t1) 
Gas 
Intermediate solid 
Secondary tar (t2) 
Char 
𝑘𝑔 
𝑘𝑡1 
𝑘𝑖𝑠 
𝑎𝑘𝑔2 
𝑏𝑘𝑔2 
𝑘𝑐2 
𝑘𝑐 
Chemical and Process Engineering Research                                                                                                                                    www.iiste.org 
ISSN 2224-7467 (Paper) ISSN 2225-0913 (Online) 
Vol.27, 2014 
 
14 
𝜕𝜌𝑐
𝜕𝑡
=   𝑘𝑐𝜌𝑖𝑠 + 𝑘𝑐2𝜌𝑡                                                                                                                                                   (3) 
3.2 Mass conservation equations of gas phase components 
Mass conservation equations for all gas phase components are expressed by two-dimensional cylindrical coordinate 
system consisting of both temporal and spatial gradients and source terms 
                                                      Ar: 
𝜕(𝜀𝜌𝐴𝑟)
𝜕𝑡
+
𝜕(𝜌𝐴𝑟𝑈)
𝜕𝑧
+
1
𝑟
 
𝜕(𝑟𝜌𝐴𝑟𝑉)
𝜕𝑟
= 𝑆𝐴𝑟 ,                                                               (4)                                                           
                                                       Gas: 
𝜕(𝜀𝜌𝑔)
𝜕𝑡
+
𝜕(𝜌𝑔𝑈)
𝜕𝑧
+
1
𝑟
 
𝜕(𝑟𝜌𝑔𝑉)
𝜕𝑟
= 𝑆𝑔,                                                                  (5) 
                                     Primary tar : 
𝜕(𝜀𝜌𝑡1)
𝜕𝑡
+
𝜕(𝜌𝑡1𝑈)
𝜕𝑧
+
1
𝑟
 
𝜕(𝑟𝜌𝑡1𝑉)
𝜕𝑟
= 𝑆𝑡1,                                                                   (6) 
                                      Secondary tar: 
𝜕(𝜀𝜌𝑡2)
𝜕𝑡
+
𝜕(𝜌𝑡2𝑈)
𝜕𝑧
+
1
𝑟
 
𝜕(𝑟𝜌𝑡2𝑉)
𝜕𝑟
= 𝑆𝑡2                                                                (7)   
𝑆𝐴𝑟   , 𝑆𝑔,  𝑆𝑡1 and 𝑆𝑡2 are the source terms for the carrier gas (argon),  gas,  primary tar and secondary tar, 
respectively, and are given by 
                                                       𝑆𝐴𝑟 = 0                                                                                                                  (8) 
                                                       𝑆𝑔 = 𝑘𝑔𝜌𝑠 +  𝜀𝑘𝑔2𝜌𝑡1                                                                                           (9) 
                                                      𝑆𝑡1 = 𝑘𝑡𝜌𝑠 −  𝜀[𝑘𝑐2 + (𝑎 + 𝑏)𝑘𝑔2]𝜌𝑡1                                                                (10) 
                                                     𝑆𝑡2 =  𝜀𝑏𝑘𝑔2𝜌𝑡1                                                                                                     (11) 
Intra-particle tar and gas transport velocity was estimated by Darcy’s law,  
                                                     𝑈 = −
𝐵
𝜇
(
𝜕𝑃
𝜕𝑧
)                                                                                                         (12)         
                                                     𝑉 = −
𝐵
𝜇
(
𝜕𝑃
𝜕𝑟
)                                                                                                         (13) 
where B and 𝜇 are respectively the charring biomass solid permeability and kinematic viscosity. Porosity,𝜀, is 
expressed as 
                                                      𝜀 = 1 −  
𝜌𝑠,𝑠𝑢𝑚
𝜌𝑤,0
 (1 − 𝜀𝑤,0)                                                                                   (14) 
where 𝜀𝑤,0, 𝜌𝑠,𝑠𝑢𝑚  and 𝜌𝑤,0 are the initial porosity of the wood, the sum of solid mass density and initial wood 
density, respectively. The permeability, B, of the charring biomass is expressed as a linear interpolation between the 
solid phase components, given as 
                                                    𝐵 = (1 −η)𝐵𝑤 + η𝐵𝑐                                                                                             (15) 
where η is the degree of pyrolysis and is defined as  
                                                    η = 1 −  
𝜌𝑠+𝜌𝑖𝑠
𝜌𝑤,0
                                                                                                        (16) 
3.3 Energy conservation equation 
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The energy conservation equation is given as 
(𝐶𝑝,𝑤𝜌𝑠 + 𝐶𝑝,𝑤𝜌𝑖𝑠 + 𝐶𝑝,𝑐𝜌𝑐 + 𝜀𝐶𝑝,𝑡𝜌𝑡1 + 𝜀𝐶𝑝,𝑡𝜌𝑡2 + 𝜀𝐶𝑝,𝑔𝜌𝑔)
𝜕𝑇
𝜕𝑡
=
𝜕
𝜕𝑧
(𝑘𝑒𝑓𝑓(𝑧)
𝜕𝑇
𝜕𝑧
) +
1
𝑟
𝜕
𝜕𝑟
(𝑟𝑘𝑒𝑓𝑓(𝑟)
𝜕𝑇
𝜕𝑟
) −
                                                                                                           𝑙𝑐∆ℎ𝑐 − ∑ 𝑚𝑖∆ℎ𝑖𝑖=𝑔,𝑡1,𝑖𝑠 − 𝜀 ∑ 𝑛𝑖∆ℎ𝑖𝑖=𝑔2,𝑡2,𝑐2             (17) 
where  
                        𝑙𝑐 = 𝐴𝑐 exp(− 𝐸𝑐 𝑅𝑇⁄ ) 𝜌𝑖𝑠                                                                                                                    (18) 
                        𝑚𝑖 = 𝐴𝑖 exp(− 𝐸𝑖 𝑅𝑇⁄ ) 𝜌𝑠        𝑖 = 𝑔, 𝑡1, 𝑖𝑠                                                                                          (19) 
                        𝑛𝑖 = 𝐴𝑖 exp(− 𝐸𝑖 𝑅𝑇⁄ ) 𝜌𝑡1        𝑖 = 𝑔2, 𝑡2, 𝑐2                                                                                      (20) 
Effective thermal conductivity of the particle consists of both the conductive and radiative terms and is expressed as 
                         𝑘𝑒𝑓𝑓(𝑖) = 𝑘𝑐𝑜𝑛𝑑(𝑖) + 𝑘𝑟𝑎𝑑               (𝑖 = 𝑧, 𝑟)                                                                                       (21) 
where 𝑘𝑐𝑜𝑛𝑑  is estimated as the weighted sum of the thermal conductivities of the virgin wood, char and volatiles, 
and varies with the degree of virgin wood conversion. It is given by 
                                           𝑘𝑐𝑜𝑛𝑑(𝑖) = (1 − 𝜂)𝑘𝑤(𝑖) + 𝜂𝑘𝑐(𝑖) + 𝜀𝑘𝑣           (𝑖 = 𝑧, 𝑟)                                                 (22) 
The radiative thermal conductivity through the pores is given by 
                                                           𝑘𝑟𝑎𝑑 =  
13.5𝜎𝑇3𝑑𝑝𝑜𝑟𝑒
𝑒
                                                                                         (23) 
where  𝜎, 𝑒 and 𝑑𝑝𝑜𝑟𝑒  are Stefan-Boltzmann constant, emissivity and pore diameter, respectively. Table 1 presents 
the thermo-physical properties of the wood sample.  
3.4 Pressure evolution 
The total pressure is the sum of the partial pressures of the inert gas (argon), gas and secondary tar from the 
pyrolysis process. It is given as 
𝑃 = 𝑃𝐴𝑟 + 𝑃𝑡2 + 𝑃𝑔;   𝑃𝑖 =  
𝜌𝑖𝑅𝑇
𝑀𝑖
            (𝑖 = 𝐴𝑟, 𝑡2, 𝑔)                                                                                              (24) 
where Mi  and R are the molecular weight of each gaseous species and universal gas constant, respectively. 
Combining equations (4), (5), (7), (12), (13) and (24), intra-particle pressure equation was obtained as 
                                      
𝜕
𝜕𝑡
(𝜀
𝑃
𝑇
) −
𝜕
𝜕𝑟
[
𝐵𝑃
𝜇𝑇
(
𝜕𝑃
𝜕𝑧
)] − 
1
𝑟
𝜕
𝜕𝑟
[𝑟
𝐵𝑃
𝜇𝑇
(
𝜕𝑃
𝜕𝑟
)] =  
𝑅
𝑀𝑡2
𝑆𝑡2 + 
𝑅
𝑀𝑔
𝑆𝑔                                              (25)      
3.5 Numerical Procedure 
 Wood cylinder was modeled as a two-dimensional isotropic porous solid. Wood pores were assumed to be initially 
filled with argon. As the solid was pyrolyzed, tar and gas were formed while argon was displaced to the outer region 
without participating in the pyrolysis reaction. The solid mass conservation equations (eqs (1) – (3)) were solved by 
first-order Euler Implicit Method. The mass conservation equations for argon, primary tar, gas and secondary tar 
(eqs (4) – (7)), energy conservation equation (eq. (17)) and the pressure equation (eq. (25)) were discretized using 
finite volume method. Hybrid differencing scheme was adopted for the convective terms. First-order fully implicit 
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scheme was used for the time integral with time step of 0.005 s. The detailed numerical procedure and calculation 
domain have been given somewhere else [24]. Model assumptions have also been given the previous work [22]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Results and discussion 
 
4.1 Effect of pressure on weight loss 
 
Figure 2 (a) –(c) shows the weight loss history of the biomass material at different reactor pressures (0.0001, 1 and 
100 atm, representing vacuum, atmospheric and pressurized regions, respectively). When reactor pressure is 0.0001 
atm (Fig. 2a), active disintegration of biomass sample began at 6 s elapsed time and continued until about 13 s. After 
13 s, weight loss appeared insignificant. Weight loss profile is similar for all reactor pressures considered. This 
implies that a change in reactor pressure during biomass pyrolysis does not affect primary tar production reaction of 
the feedstock.  
4.2 Primary tar production rate 
Figure 3 shows primary tar production rate at different reactor pressures.  From the figure, primary tar production 
rate profiles are uniform in all cases.  As shown in the pyrolysis mechanism (Figure 1), primary tar production 
reaction is one of the three parallel and competing initial reactions undergone by the biomass sample. This result 
suggests further that changes in reactor pressure have no significant effect on the primary pyrolysis of woody 
biomass in thermally thin regime.   
 
 
Property                                  Value Reference 
Cp,w 1500 + 1.0𝑇 [ J kg K]⁄  [25] 
Cp,c 420 + 2.0𝑇 + 6.85 × 10−4𝑇2 [J kg K]⁄  [25] 
Cp,t −100 + 4.4𝑇 + 1.57 × 10−3𝑇2 [ J kg K]⁄  [25] 
Cp,g 770 + 0.629𝑇 − 1.91 × 10−4𝑇2 [ J kg K]⁄  [25] 
dpore 5 × 10−5(1 − 𝜂) + 1 × 10−4𝜂 [m] [25] 
𝜎 5.67 × 10−8 [W m2K4]⁄  [25] 
Bw 5 × 10−16 [m2] [25] 
Bc 1 × 10−13 [m2] [25] 
𝑒 0.95 [−] [26] 
hc 8.4 × 10−3 [W m2 K−1]⁄  [2] 
𝜇 3.0 × 10−5 [ kg m s]⁄  [25] 
𝑘𝑤(𝑟) 0.1046 [ W m K]⁄  [25] 
𝑘𝑤(𝑧)                              0.2550 [W/m K] [25] 
𝑘𝑐(𝑟) 0.0710 [ W m K]⁄  [25] 
𝑘𝑐(𝑧)                             0.1050 [W/m K]  
𝑘𝑣   0.0258 [ W m K]⁄  [25] 
𝜀𝑤,𝑜 0.4  [−] [25] 
Mg 0.038 [kg mol]⁄  [25] 
Mt1 0.162 [ kg mol]⁄  (assumed to be levoglucosan)  
Mt2                            0.11 [kg/mol]  
R 8.314 [ J mol K]⁄  [25] 
 Table 1: Thermo-physical properties of the wood sample 
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                            (a)                                                                (b)                                                               (c)                                     
                                           Figure 2: Weight loss history at different reactor pressures 
 
 
 
 
 
 
 
 
                                                       
                                                Figure 3: Rate of primary tar production at different reactor  pressure 
4.3 Primary tar secondary reactions 
For quantitative analysis of intra-particle secondary reactions at different reactor pressures, the rate of products 
generation during these reactions was estimated. Figure 4 shows the rate of products generation from primary tar 
secondary reactions at different reactor pressures. From the figure, increase in pressure within the vacuum region did 
not have any significant effect on products generation rate. However, as pressure increased from vacuum to 
atmospheric, products generation rate from primary tar secondary reactions was significantly increased, getting to its 
peak at about 12.3 s. Pressure increase from atmospheric to 10 atm further increased the rate of products generation 
from intra-particle secondary reactions. Pressure increase beyond 10 atm has no noticeable effect on the rate of 
products generation from tar intra-particle secondary reactions. This implies that as the reactor pressure increases 
from vacuum to atmospheric region, and from atmospheric to pressurized region, tar transport within the pyrolyzing 
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solid is inhibited, thereby making more time available for consumption of primary tar through intra-particle 
secondary reactions with attendant increase in gas mixture mass flux.  
 
 
 
 
 
 
 
 
              Figure 4: Rate of products generation from primary tar secondary reactions at different reactor pressures 
 
4.4 Gas release rate 
Figure 5 shows the mass flux of gas mixture at different reactor pressure. From the figure, below atmospheric 
pressure i.e. vacuum (0.0001 and 0.01 atm), the mass flux of gas mixture was not affected by increase in reactor 
pressure (from 0.0001 to 0.01 atm). As reactor pressure increased from vacuum to atmospheric however, there was a 
sharp increase in gas mass flux from the pyrolyzing solid. As the reactor pressure was increased from atmospheric to 
10 atm, there was a further increase in gas mixture mass flux. Further increase in reactor pressure from 10 atm to 
100 atm had no effect on gas mixture mass flux. The pressure variation ranges can be subdivided into three regions: 
vacuum (pressure < 1 atm), atmospheric (pressure = 1 atm) and pressurized (pressure > 1 atm). This result can be 
explained by considering tar transport and tar secondary reactions. As reactor pressure increased from vacuum 
region to atmospheric, tar transport from the surface of the pyrolyzing solid was inhibited, thereby giving more time 
for tar intra-particle secondary reactions, which may be both homogeneous (within the pores of pyrolyzing solid)  
and heterogeneous (over fresh wood char surfaces). Only homogeneous secondary reactions are however considered 
in this study.  Since the main product of tar secondary reactions is gas, mass flux of gas mixture was therefore 
increased. This fact also explains the phenomenon of increase in gas mixture mass flux from atmospheric to 
pressurized region. This result is in agreement with the findings of Hajaligol et al. [23]. 
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                                             Figure 5: Gas release rate at different reactor pressures 
4.5 Tar release rate 
Figure 6 shows tar release rate from the pyrolyzing solid at different reactor pressures. From the figure, the rate of 
tar release is highest in the vacuum region (where reactor pressure is less than 1 atm). At this region, increase in 
pressure did not have any effect on the rate of tar release (i.e. tar yield is not strongly sensitive to pressure increase 
in this region). As the reactor pressure increased from vacuum to atmospheric, there was a significant reduction in 
the rate of tar release, the reason being that more molecules of tar generated from primary pyrolysis have been 
consumed in intra-particle secondary reactions to yield secondary tar,  more gas and char. As the reactor pressure 
increased above atmospheric, there was a further decrease in the rate of tar release from the pyrolyzing solid. This 
was due to the fact that a higher percentage of tar produced from primary pyrolysis was consumed in intra-particle 
secondary reactions. This implies that tar transport within the pyrolyzing solid was further inhibited as the reactor 
pressure increased above atmospheric. In the pressurized region (region above atmospheric condition), further 
increase in pressure does not have any significant effect on tar release rate.   
 
 
 
 
 
 
 
 
                                                        
                                                   Figure 6: Tar release rate at different reactor pressure 
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5. Conclusions 
From this study, it is understood that reactor pressure (inert gas pressure) can strongly influence product yield 
distribution, and tar and gas release rates during pyrolysis of biomass in thermally thin regime. For pyrolysis of 
woody biomass, at 30 K/s and final reactor temperature of 973 K, it can be concluded that in vacuum region, 
homogenous tar intra-particle secondary reactions are not significantly influenced by pressure increase. Therefore 
within this region, any change in product yield distribution, and tar and gas release rates due to increase in reactor 
pressure will be caused mainly by heterogeneous intra-particle tar secondary reactions and extra-particle secondary 
reactions. In atmospheric and pressurized regions, however, homogeneous intra-particle tar secondary reactions are 
significantly influenced by change in pressure. Therefore, change in product yield distribution, and tar and gas 
release rates, as reactor pressure increases from vacuum to atmospheric, will be largely influenced by homogeneous 
intra-particle tar secondary reactions. This scenario also holds as reactor pressure increases from atmospheric to 
pressurized region. However, further reactor pressure increase within pressurized region (where P > 1 atm) will not 
have any significant effect on homogeneous tar intra-particle reactions. Any changes in product yield distribution, 
and the rates of tar and gas release in this case will be largely dependent on heterogeneous intra-particle tar 
secondary reactions and extra-particle secondary reactions.     
Nomenclature 
A: pre-exponential factor                                                                                 (1/s) 
B: permeability                                                                                                (m
2
) 
Cp: specific heat capacity                                                                                (J/ kg K) 
E: activation energy                                                                                         (J/mol) 
e: emissivity                                                                                                     ( -) 
hc: convective heat transfer coefficient                                                            (W/ m
2
 K)              
k: reaction rate constant                                                                                   (1/s) 
kc: char thermal conductivity                                                                           (W/m K) 
kw: wood thermal conductivity                                                                        (W/m K) 
M: molecular weight                                                                                        (kg/mol) 
P: Pressure                                                                                                       (Pa) 
Q: heat generation                                                                                            (W/m
3
) 
Qc: convective heat flux                                                                                   (W/m
2
) 
Qr: radiation heat flux                                                                                      (W/m
2
)                    
R: universal gas constant                                                                                  (J/mol K) 
R: total radial length                                                                                         (m) 
r: radial direction                                                                                                       
z: axial direction 
S: source term                                                                           
T: temperature                                                                                                   (K) 
t : time                                                                                                               (s) 
U: axial velocity component                                                                             (m/s) 
V: radial velocity component                                                                            (m/s)                                                                                           
𝜀: porosity                                                                                                          ( -) 
𝜀0: initial porosity                                                                                              ( -) 
∆ℎ: heat of reaction                                                                                           (kJ/kg) 
𝜇: viscosity                                                                                                        (kg/m s) 
ρ: density                                                                                                           (kg/m3) 
𝜌𝑤0: initial density of wood                                                                              (kg/m
3
) 
𝜎: Stefan-Boltzmann constant                                                                           (W/m2 K4) 
 𝜂: degree of pyrolysis                                                                                                   
            
Subscripts 
Ar: Argon 
c: char, primary char formation reaction 
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c2: secondary char formation reaction 
g: gas, primary gas formation reaction 
g2: secondary gas formation reaction 
is: intermediate solid, intermediate solid formation reaction 
s: solid 
t: tar, tar formation reaction 
v: total volatile 
w: wood 
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